It is well known that a gravitational wave (GW) experiences the damping effect when it propagates in a fluid with nonzero shear viscosity. In this paper, we propose a new method to constrain the GW damping rate and thus the fluid shear viscosity. By defining the effective distance which incorporates damping effects, we can transform the GW strain expression in a viscous Universe into the same form as that in a perfect fluid. Therefore, the constraints of the luminosity distances from the observed GW events by LIGO and Virgo can be directly applied to the effective distances in our formalism. We exploit the lognormal likelihoods for the available GW effective distances and a Gaussian likelihood for the luminosity distance inferred from the electromagnetic radiation observation of the binary neutron star merger event GW170817. Our fittings show no obvious damping effects in the current GW data, and the upper limit on the damping rate with the combined data is 6.75 × 10
I. INTRODUCTION
The existence of gravitational waves (GWs) predicted by Einstein a century ago has recently been confirmed by the detection of the first GW signal GW150914 from a binary black hole (BBH) merger by the Laser Interferometer Gravitational-Wave Observatory (LIGO) [1] , which opens a new era of astronomy and cosmology. Up to date, six BBH merger GW signals, GW150914, LVT151012 (a lower significance candidate), GW151226, GW170104, GW170608 and GW170814 and one binary neutron star (BNS) merger GW signal GW170817 have been announced by the LIGO and Virgo Collaborations [1] [2] [3] [4] [5] [6] [7] . Simultaneous detection of GWs and electromagnetic (EM) radiations from the same source can be used to test the fundamental physics, for instance, the speed of GWs by measuring the arrival delays between photons and GWs over cosmological distances [8] [9] [10] , the equivalence principle by using the Shapiro effect [11] [12] [13] , and the Lorentz invariance [14, 15] . The detection of GWs and their EM counterparts can also tell us about the nature of astrophysical sources [16] [17] [18] . For instance, the first joint detection of the GRB 170817A and GW170817 confirmed that a neutron star binary could be the progenitor of a short-duration gamma-ray burst (GRB) [19] .
In the present study, we will show that the ongoing GW observations can provide us a valuable opportunity to examine how the GWs propagate through the matter and, in turn, to constrain the nature of matter in the Universe [20] [21] [22] [23] . It is well known that in * bqlu@itp.ac.cn † dahuang@fuw.edu.pl ‡ ylwu@itp.ac.cn § yfzhou@itp.ac.cn the Friedman-Robertson-Walker metric, GWs propagate freely through a perfect fluid without any absorption and dissipation [24] [25] [26] . This is no longer true when the Universe contains some nonideal fluids. As pointed out by Hawking half a century ago [27] , when a nonzero shear viscosity η is introduced to the fluid energy-momentum tensor, GWs would be dissipated by matter with a damping rate β ≡ 16πGη [28] [29] [30] , in which G is the gravitational constant. Note that the shear viscosity η and thus the damping rate β vary with the evolution of the Universe due to the change of the matter state. But for the timescale concerned here, we can treat η and β as constants. Note also that the bulk viscosity, playing an important role in the evolution of the Universe [31] [32] [33] [34] , is shown not to lead to the GW attenuation [20, 30] . Cosmological and astrophysical observations have shown that about 85% of matter density in the Universe consists of the cold dark matter (DM) [35] [36] [37] . More recently, the DM self-interaction (SI) is introduced to explain the small-scale structure problems of the Universe [38] . As shown in Refs. [20, 34] , if the DM can be treated as a fluid, the DM SI can generate the cosmological shear viscosity. Hence, we can transform the constraint of the GW damping to that on the DM SI cross section.
This work is organized as follows. We first present in Sec. II the expression of the GW strain in a viscous Universe in which we define the effective distance. In Sec. III we construct a lognormal likelihood function of effective distances for observed GW events. For the BNS merger GW170817, we also take a Gaussian likelihood for the luminosity distance inferred from the GRB observation. By using the χ 2 statistics, we put constraints on the GW damping rate and the shear viscosity. The constraint on the DM SIs from the GW damping is discussed in Sec. IV. Finally, we summarize our conclusions in Sec. V.
II. DAMPING OF GRAVITATIONAL WAVES
The standard cosmology assumes that the Universe is homogeneous and isotropic, so that a GW propagating in such a background can be described by the perturbed Friedmann-Robertson-Walker metric [26, 39] :
where we have assumed a spatially flat Universe. The GW is represented by the transverse and traceless tensor perturbation h ij , satisfying
If the GW moves in the z-direction, then the two physical GW degrees of freedom, h + and h × , can be given by [40] 
The energy-momentum tensor of a viscous compressible fluid is given by [27] 
where p, ρ, η and γ denote the fluid pressure, density, shear and bulk viscosities, respectively. u µ is the fluid four-velocity, κ µν = g µν + u µ u ν , and the shear of the fluid is
By solving the Einstein's equation G µν = 8πGT µν up to the linear order in h ij we can obtain the expression [20, 28, 40] for the GW strain propagating a luminosity distance D through this viscous fluid as
where α, φ 0 , and A denote the GW polarizations, initial phase, and original amplitude, respectively. Note that the damping of the GWs in a viscous fluid is reflected in Eq. (5) by the exponential suppression factor e −βD/2 with β = 16πGη called damping rate, which only depends on the shear viscosity of the fluid, rather than the bulk viscosity or the GW frequency. Now we define the effective distance
so that the above GW strain formula in Eq. (5) can be rewritten as
which has exactly the same form as a GW from a source at a effective distance D eff with a new unknown initial phase φ
/a transmitting in a perfect fluid without damping. Note that the observed GW source parameters, especially the luminosity distance, released by the LIGO and Virgo Collaborations are based on the standard assumption that all the matters are described by perfect fluids. The form of the GW strain formula in Eq. (7) indicates that the GW in a viscous Universe might give the same fitting results, but with the luminosity distance D replaced by the effective distance D eff . In light of this insight, the information of the luminosity distance for each GW event published by LIGO and Virgo can be directly applied to the corresponding effective distance in a viscous Universe, which can be further used to constrain the GW damping rate β and the fluid shear viscosity η.
III. DATA ANALYSIS
We notice that the information for each GW source luminosity distance given by LIGO and Virgo Collaborations in Refs. [1] [2] [3] [4] [5] [6] [7] follows an approximate lognormal distribution, which has been performed under the assumption that the Universe is filled only perfect fluids. However, in the case with a viscous fluid, these results should be interpreted in terms of the effective distances, as shown in Sec. II. Hence, the likelihood for the effective distance should be taken as the following lognormal function
where D gw,i and σ gw,i stand for the median values and standard deviations of the measured luminosity distance of this likelihood function for the GW events, which are derived from the data given by LIGO and Virgo in Refs. [1] [2] [3] [4] [5] [6] [7] and summarized in Table I . We also show the likelihood distributions for the six BBH merger GW events in Fig. 1 . Note that the free parameters in our fitting include the universal damping rate β and the true luminosity distances D i for GW events, all of which enter the likelihood functions through the effective distances D eff,i . The significance of the GW damping effect can be evaluated with the χ 2 statistics with χ 2 i for the event i given by
We can obtain the best-fit luminosity distance D min,i and β for each GW event i by minimizing the corresponding χ Table I Table I with the typical constraint of O(10 −3 Mpc −1 ). The upper limit on the GW damping can be further improved by defining the following joint likelihood function
and the corresponding χ 2 joint = −2 ln L joint . The upper limit for the damping rate with χ 2 joint by the same procedure above is β = 6.75 × 10 −4 Mpc −1 at 95% CL. We also illustrate in Fig. 2 the 95% CL upper limits on the damping rate β for six BBH merger events and the joint analysis.
The advantage of the present method is that we can directly apply the measured luminosity distance informations given by LIGO and Virgo to put constraints on the GW damping rate in a viscous Universe, without requiring a reanalysis of the GW strain data. Moreover, it is interesting to note from Table I and Fig. 2 that the constraint on β becomes more stringent with a lower deviation and a larger observed luminosity distance. As an example, due to its much shorter GW propagating distance, the BNS merger event GW170817 gives the upper bound β 14.08 × 10 −3 Mpc −1 , which is one order of magnitude less stringent than those from BBH mergers.
The simultaneous detections of the GWs and their EM radiation counterpart open the multi-messenger astronomy era. The recent identification of GW170817 and GRB170817A for the BNS merger event can be used to further strengthen the constraint on the GW damping. In Ref. [19] , the luminosity distance to the BNS merger host galaxy, NGC 4993, was determined to be 42.9 ± 3.2 Mpc. Since it is generically assumed that the EM signal is insensitive to the fluid viscosity, we can use this result to directly constrain the true luminosity distance D with the following Gaussian likelihood function:
where the mean value and deviation are D em = 42.9 Mpc and σ em = 3.2 Mpc, respectively. With χ 2 tot = −2(ln L gw + L em ) for the BNS merger event which combines both GW and EM informations, we can obtain the minimum value of χ 2 tot, min = 15 still at β = 0. However, the 95% CL upper limit on the GW damping rate β is only improved by 1%, which is too small to be useful due to the short distance of the BNS merger from us.
IV. IMPLICATION ON DARK MATTER SELF-INTERACTIONS
Although the collisionless cold DM paradigm can successfully account for the large-scale structure of the Universe [41] , its predictions via N-body simulations on the small-scale structure seem to conflict with observations on dwarfs [42] , low surface brightness (LSB) galaxies [43] and clusters [44] , known as the cusp-vs-core problem, the missing satellite problem, and the too-big-to-fail problem. One promising solution to all these problems is to introduce the DM SI (For a recent review, please see e.g. Ref. [45] ). By assuming that DM self-scatterings are efficient for hydrodynamic description to be valid and assigning a Maxwellian distribution for DM particles, Ref. [34] provided a relation between the DM SI cross section σ χ and the shear viscosity η
where m χ and v are the DM partacle mass and average velocity, respectively. We can rewrite the above relation in terms of the GW damping rate β = 16πGη as follows
With the typical 95% upper limits on β 10
obtained in Sec. III, we find a lower limit on the DM SI to be σ χ /m χ ∼ 10 −3 cm 2 /g. However, it has been shown in Ref. [34] that the hydrodynamic description is appropriate at cluster scale only when σ χ /m χ 0.1 cm 2 /g, which is not respected by our derived lower limit from the GW damping. Therefore, it is concluded that the current GW measurements cannot give useful bounds on the DM properties, which agrees with the results given in Refs. [20, 21] . Mpc, respectively. The points represent the positive DM SI signals from dwarf galaxies (red), LSB galaxies (blue), and clusters (green), all of which are obtained from Ref. [46] . The horizontal gray line denotes the DM SI condition for the hydrodynamical description to be valid.
In order to give a sensible constraint, we notice that the GW attenuation becomes strong with the increasing propagation distance, which indicates that the constraints on the GW damping rate can be improved by observing a GW event with a larger luminosity distance. In Fig. 3 , we show the potential bounds on the DM scattering cross section with GWs generated at luminosity distances of 2 × 10 4 Mpc, 7 × 10 4 Mpc, 2 × 10 5 Mpc, 7 × 10 5 Mpc and 2 × 10 6 Mpc, respectively, where the standard deviation σ gw in the lognormal likelihood function is assumed to be 0.20. We have also shown in Fig. 3 the DM SI cross sections [46] deduced from the fittings to dwarf galaxies (red), LSB galaxies (blue), and clusters (green), as well as the minimum value of σ χ /m χ for the validity of the DM fluid description (the gray horizontal line). As a result, only when a GW propagating a luminosity distance D 10
4 Mpc can the DM SI constraints from the GW damping probe the DM self-scattering solution to the small-scale structure problems.
Let us finish this section by remarking the current status of the GW measurements. In the Advanced LIGO O2 run, the LIGO network has reached the sensitivity for the binary mergers of 10M ⊙ black holes at a distance of 300 Mpc , or those of 30M ⊙ black holes from 700 Mpc away. The Livingston instruments have been sensitive to as far as 100 Mpc for mergers of two 1.4M ⊙ neutron stars. Moreover, the joint detections by Advanced LIGO and Virgo is promising to improve the ability to localize the GW sources on the sky. In the near future, the GW reach range will be continuously upgraded by increasing the detector sensitivity over the coming years [47] .
V. SUMMARY
The GWs would be dissipated when propagating through a fluid with shear viscosity. In the present paper, we propose a new method to study this striking phenomenon by taking an advantage of the ongoing GW observations by LIGO and Virgo. By defining the GW effective distance encoding the damping rate, we show that the strain formula of a GW moving in a viscous fluid has the same form as that in a perfect fluid, which indicates that we can directly apply the measured GW luminosity distance information to the corresponding effective distance. In the light of this insight, we construct a lognormal likelihood function of the effective distance from the real data for each GW event, which, together with the χ 2 statistics, makes it possible to constrain the GW damping rate in our Universe. Consequently, we find that the typical GW damping rate should be bounded by β O(10 −3 Mpc −1 ) at 95% CL. Our results agree with the previous studies in Ref. [20] , but our method is much simpler since we do not need to reanalyse the raw GW strain data. The method can be further extended to incorporate the constraint on the true GW luminosity distance from the EM radiation counterpart of a GW event. This is exemplified by the joint fit to the GW170817 and GRB170817A, both of which were believed to come from the same BNS merger event. However, due to the relatively short distance from the Earth, the final bound on the GW damping is only mildly improved.
It is expected that the DM SIs can generate the shear viscosity when the DM can be treated with hydrodynamics. By translating the obtained bounds on the GW damping into those on the DM SI cross sections, we find that the current constraints from GWs are typically too weak to be useful. On the other hand, it requires that the luminosity distance of a GW event be as far as O(10 4 Mpc) in order to give a sensible lower limit on the DM self-scatterings which could potentially solve the cosmological small-scale structure problems.
In addition to the damping due to DM collisions, GWs can also dissipate in the extended gravitational theories, such as the Horndeski theory [48, 49] and extradimensional theories [50, 51] . Thus, our method and results here can also be applied to such theories.
